Abstract: Synfolding calcite was precipitated between layers of Neoproterozoic sandy dolomite and striated parallel to the fold axis of an open anticline with a shallow plunge during folding. The fold had limb dips of 45 • and plunged 20 • to the south. The synfolding calcite had sub-horizontal grooves that trended parallel to the fold. Limb-hinge-limb calcite samples (3 samples; n = 100 grains) preserved a layer-parallel shortening strain that trended at an acute (45 • ) angle to the trend of the fold axis and fold lineations. Extension axes were vertical and there was no strain overprint (low NEVs). Shortening strain magnitudes were −2.9% and the differential stress responsible for twinning was −38 MPa. The commonly observed structures were layer-parallel slip striations normal to the fold axis: sub-horizontal interlayer slip surfaces parallel to a fold axis (parallel to bedding strike) were unreported; as was a sub-horizontal shortening strain at an acute angle to the axis of a plunging fold.
Introduction
Folds are common observations in most deformed regions and in rocks of low metamorphic grade, the folding mechanism is often accommodated by a layer-parallel slip on bedding planes normal to the fold axis (flexural-slip folding; [1, 2] ) often accompanied by the development of an axial planar cleavage. Numerous studies of folding dynamics have utilized the presence of intergranular deformation lamellae in quartz and/or calcite to understand fold genesis, whether within regional [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The dominant fabric preserved is a pre-folding, layer-parallel shortening (LPS) strain within the plane of fault transport (plane strain) with little or no synfolding strain overprint of the early LPS fabric, but with evidence of complex strain partitioning (e.g., [17] ). Subsequent strain studies using synfolding calcite have reported a variety of anomalous results (Laramide Derby dome, Wyoming, [22] ; Cape fold belt, [23] ; Alpine folds in Crete, [24] ). The fold described here had interlayered synfolding calcite layers (that crosscut and were continuous across beds in places) with horizontal striations parallel to the south-plunging fold axis suggesting that layer-parallel shortening, with the shortening axis normal to the fold axis, would not be the expected strain recorded by the twinned calcite in this fold. Our goal was to investigate the stress-strain history of this unique fold by presuming that the synfolding calcite layers precipitated, and the calcite twinned mechanically during folding, a process of interest to structural geologists.
Methods

Calcite Twin Analysis
The calcite strain-gage technique (CSGT) of Groshong [25] allows the investigation of intraplate stresses as conserved by intracrystalline twinning of rock-forming calcite grains. Although the result is actually a strain tensor, a similar orientation of the stress tensor appears likely in the case of coaxial deformation [26, 27] . The CSGT has been used to constrain strain tensor directions in veins [28] , limestones [17, [29] [30] [31] [32] [33] [34] , marble [35, 36] and lamprophryes [37] .
Below temperatures of ca. 200 • C, intracrystalline deformation of calcite results in the formation of e-twins. The formation of calcite e-twins requires a shear stress exceeding ca. 10 MPa [38] [39] [40] [41] Calcite offers three glide systems for e-twinning. From the U-stage measurements of width, frequency, and orientation of twins, and the crystallographic orientation of the host crystals, a strain tensor can be calculated using a least-squares technique [25] . In order to remove "noise" from the dataset, a refinement of the calculated strain tensor can be achieved by stripping 20% of the twins with the highest deviations [42] . This procedure has been used when the number of measured grains was large (n > 20). In cases where the data appear to be inhomogeneous, the separation of incompatible twins ("(LPS)" = negative expected values) from compatible twins ("POS" = positive expected values) of the initial dataset allows the separate calculation of two or more least-squares deviatoric strain tensors. Thus, the CSGT can be used to obtain information on superimposed deformations [25, 43] and differential stress magnitudes [44] .
The validity of this stripping procedure has been demonstrated in experimental tests; the reliability depends on the overall complexity of deformation and the number of grains with twins [43, 45] . The stripping procedure has been used in cases of high proportions of negative expected values (NEVs) and a high number of measured grains. An experimental re-evaluation of the CSGT has shown that measurements of about 50 grains on one thin-section, or 25 grains on two mutually perpendicular thin-sections, yielded the best results [42, 46, 47] . The chance to extract the records of more than two deformations from one dataset is limited when dealing with natural rocks [39] . Individual analyses of veins, matrix, or nodules allows the acquisition of several strain tensors without applying statistical data stripping. The complexity of rotational strains in fault zones has limited the application of this method to the efforts of Gray et al. [48] . Application of the CSGT requires the following assumptions to be valid: (1) low temperatures (dominance of Type I and Type II twins); (2) random c-axis orientations of calcite; (3) homogenous strain; (4) coaxial deformation; (5) volume constancy; (6) low porosity materials; and (7) low strain (<15%; [42] ). If these conditions are not fully met, the underlying dataset of the calculated strain tensor can be biased, modified, or random. Strain tensors were calculated from calcite e-twin datasets using the software package of Evans and Groshong [46] .
Results
Field Relations
The Liaodong Peninsula, the east extension of the North China craton in NE China, is composed of two basic stratigraphic units separated by a curved detachment fault of the Liaonan metamorphic core complex (Figure 1 ). Neoarchean tonalites and supracrustal rocks, and Paleoproterozoic metasedimentary rocks form a crystalline basement of amphibolite grade in the lower plate of the Cretaceous core complex. Overlying the basement is a weakly metamorphosed Neoproterozoic to Carboniferous sedimentary cover and a Cretaceous marine section that was gently folded during exhumation of the core complex [49] . The Neoproterozoic Sinian System, from which the samples were taken, consists of a thick sequence of shallow marine sediment, i.e., sandstones, shales, limestones, or dolomitic limestones with stromatolitic layers (Figure 2 ). The Neoproterozoic section is unconformably overlain by a Cambrian-Carboniferous marine section, and the region was deformed in the Triassic by the amalgamation of the Yangtze and North China plates at ca. 220 Ma [50] . The Archean footwall gneisses of the Liaonan metamorphic core complex (trend: N 45 • E) include a mylonite in fault contact with Cretaceous and older rocks; the mylonite includes folds (trend: N 45 • E, vergence is N 45 • W) and a lineation (N 45 • W; upper plate translation to the NW) that are not consistent with a deformational correlation between the Cretaceous core complex formation and the N-S trending folds 20 km south hosted in the Sinian System in our study [49, 51] . Calcite strain studies in the Liaonan core complex hanging wall Cretaceous limestones and veins preserve a shortening strain parallel to the axis of the core complex [52] .
The field site is characterized by open anticline-syncline pairs, most of which plunge to the south (Figure 2A ). Stromatolites are common and often overturned ( Figure 2B ). An axial planar cleavage is not present, but synfolding calcite layers are common between most of the bedding planes and these preserve horizontal striations (grooves) parallel to the fold axis, but are without fibrous kinematic steps. Calcite layers are bedding-parallel, but do crosscut bedding and connect across layering. The sample location was 39 • 04 29.00" N, 122 • 01 44.36" E. 
Synfolding Twinning in Calcite
Three samples were collected across the fold (Figures 2A and 3A ) from inter-layered synfolding calcite. The calcite is sparry and most grains contain 1 twin set whereas the host sediment is a sandy, micritic dolostone without twins. Each sample recorded a sub-horizontal, layer-parallel shortening strain (NE-SW) at an acute angle to the fold axis and striations (L 1 ) in the synfolding calcite ( Figure 3 , Table 1 ). Extension axes were vertical, the shortening strains average −2.9% and were the result of a differential stress of −38.3 MPa. Shortening axes intersected both the plane of the synfolding calcite and bedding so the fabric can be interpreted as vein and layer-parallel shortening (Table 1) . Calcite optic axes (n = 100) showed no preferred orientation ( Figure 3B ). Since there was no parallelism between these structures and the nearby Cretaceous metamorphic core complex, and since the twinned calcite had low NEVs (no twinning overprint), the fold in question was presumed to have formed during the Triassic orogenesis with no younger overprint. Attempts to date the synfolding calcite failed due to low U levels (see [53] ). (Table 1) where great circles are bedding planes for the fold that plunges 20 • south (C). Fold axis-parallel lineations are contoured, as are Turner [26] compression axes. Shortening (ε 1 ) and extension (ε 3 ) strain axes were plotted for the three samples. Note: VPS = vein-parallel shortening; LPS = layer-parallel shortening.
Discussion
Layer-parallel shortening was preserved by the mechanical twins in calcite precipitated along the bedding planes of the Proterozoic Sinian System sediments as these rocks were deformed in the Triassic. The tectonic transport direction was~SW-NE and minor fold axes were at an acute angle to this margin. The shortening axes were sub-horizontal and oriented NE-SW at an acute angle to the N-S fold axis and the striations (L 1 ) in the layers of calcite, or parallel to the Triassic tectonic margin. Both the observation of the horizontal, fold axis-parallel striations in the synfolding calcite, the resultant calcite twinning strain, and the tectonic orientation of both, were unusual for a minor fold that may have formed by buckling [12, 54] . Spang and Groshong [17] reported the most comprehensive study of a minor fold where layer-parallel shortening was the early strain, followed by a complex interplay of fracturing, vein filling, pressure solution, and secondary twinning of calcite veins; the fold studied here only allowed for analysis of the synfolding calcite. High-grade metamorphic rocks often contain boudinage structures where metamorphic minerals are lineated parallel to the long axes (or normal to the boudin necks) of the boudins and fold axes (see [55] ); the observation did not correlate well with our low-grade fold structure and there have been no syn-boudin strain studies reported.
The Derby dome is a thick-skinned Laramide structure formed in the foreland where the pre-folding LPS strain fabric can be used as a passive strain marker to interpret fold development. Orogenic LPS fabrics are known to occur at great distances into the craton of a continent [31, 56, 57] and different orogenic regions preserve unique LPS fabrics across North America [58, 59] or within the individual thrust sheets of an orogenic belt [60, 61] . The twinned calcite in the country rock of the Derby dome preserves this early (Sevier), E-W layer-parallel fabric strain and does not record any twinning strain overprint (low NEVs) as these sediments were folded into the dome structure. As the LPS fabric was rotated from an E-W orientation into parallelism with the Derby fold axis (N 30 • W), the synorogenic calcite veins preserved a very complex stress-strain field that was not plane strain as the fold axis was overturned and offset by a NE-dipping thrust fault [22] .
Strain studies of synfolding calcite have also been reported from Permian sediments at the northern end of the Gondwanide Cape fold belt [23] . In this setting, calcite and quartz was precipitated along the bedding planes during folding, and striations were observed parallel to the tectonic transport direction (N-S). The calcite was twinned and only undulatory extinction was observed in quartz. The twinning strain revealed an N-S layer-parallel shortening, but also a strain overprint preserving a flexural-slip rotation through this minor, upright syncline from SW to NE.
Alpine nappe structures are found throughout Crete including the Cretaceous Pindo limestones folded in the Pindos nappe [24, 62] . A minor, upright anticline here preserves a layer-parallel shortening strain normal to the fold axis, the expected result. Calcite also fills an axial planar cleavage and is twinned: a sub-horizontal shortening strain is recorded parallel to the fold axis and the strike of the cleavage planes, a result somewhat similar to the fold result presented in this paper.
Conclusions
The dynamics of folding of the Proterozoic Sinian dolostone and synfolding, layer-parallel calcite suggests that horizontal tectonic stresses compressed the region in the Triassic and this minor fold shortened at~45 • to the fold axis (parallel to the Triassic margin) and was accommodated by a layer-parallel slip parallel to the N-S fold axis as part of the larger, regional nappe formation. The dynamics of this minor fold could be classified as "passive" in that the extension axes (ε 3 ) were all vertical in the limb-hinge-limb samples and not everywhere in the bedding-normal as might be found in a buckle or flexural-slip fold. Without an absolute age for the synfolding calcite layers, the striations on the calcite layers and the twinning strains could be post-folding. The synfolding calcite was presumed to be Triassic and not younger, partly because there was no twinning strain overprint related to the nearby Cretaceous Liaonan metamorphic core complex and the Liaonan strain orientations are different and the penetrative deformation is limited to the core complex detachment [49] .
